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Introduction {#sec001}
============

Further intervention may end in serious morbidities, such as increased pain and functional limitations, due to nonfulfillment or a slowdown in bone healing\[[@pone.0197006.ref001]\]. The end purpose of the treatment of patients with fractures and surgical osteotomies is a compound physiological process in bone healing. Across a range of symptoms, electrical stimulation (ES) is a widely known adjunctive therapy used to enhance bone healing\[[@pone.0197006.ref002]--[@pone.0197006.ref005]\]. A recent randomized sham-controlled trial to determine the effect of electrical stimulation on bone healing has been performed through meta-analysis. This study found that patients treated with electrical stimulation have significantly less pain and experience lower rates of radiographic nonunion or persistent nonunion\[[@pone.0197006.ref006]\]. In addition, the correlations between ES and osteogenic proliferation and differentiation have been detailed\[[@pone.0197006.ref005], [@pone.0197006.ref007]\]. ES could influence bone marrow mesenchymal stem cell (BMMSC) activities, and degenerate wave and capacitive coupling can increase cell proliferation\[[@pone.0197006.ref008]\]. Pulsed DC ES can modify the higher expression of osteogenic marker genes, including RUNX2, osteopontin (OPN) and osteocalcin (OCN) in BMMSCs\[[@pone.0197006.ref009]\]. Wiesmann H et al. showed that osteoblasts are sensitive to ES, which enhances the mineralization process\[[@pone.0197006.ref010]\]. All of these results, based on clinical evidence and the scientific research on bone healing, revealed that electric stimulation can genuinely ameliorate osteogenesis.

In addition, the biophysical signals triggered by ES are used for a wide range of bone disorders, and various of growth factors, such as bone morphogenetic proteins (BMPs), epidermal growth factor (EGF) and insulin-like growth factor-1 (IGF-1) have also been implicated in osteogenesis\[[@pone.0197006.ref011]--[@pone.0197006.ref014]\]. Evidence indicates that IGF-I is one of the most abundant growth factors in the bone matrix, which influences a wide range of physiological functions, including growth, differentiation and metabolism\[[@pone.0197006.ref015]\]. IGF-1 has attracted attention as a therapeutic factor in fracture healing, either alone or in a combined treatment, due to its positive effect on osteogenesis\[[@pone.0197006.ref016]--[@pone.0197006.ref018]\]. A previous study showed the IGF-1 knockout mice had an obvious reduction in bone formation rates and hypomineralization of the skeleton\[[@pone.0197006.ref019]\]. In contrast, transgenic mice with overexpression of IGF-1 had better cortical and trabecular bone growth and mineralization\[[@pone.0197006.ref020], [@pone.0197006.ref021]\]. Furthermore, it has been established that IGF-1 plays a critical role in the whole bone formation process, although the proper dose for osteoblast proliferation, differentiation and mineralization has been debated\[[@pone.0197006.ref015], [@pone.0197006.ref022], [@pone.0197006.ref023]\].

Previous studies showed that IGF-1 is a key marker of physiological fracture healing and osteoblast maturation, and IGF-1 was proved to have a synergistic effect with other factors, such as BMP-2 and BMP-6, in a combination treatment\[[@pone.0197006.ref023], [@pone.0197006.ref024]\]. Because IGF-1 is a structurally simpler and significantly cheaper growth factor than the traditional BMPs, and because ES is a flexible, safe, and cheap way to treat bone fracture and nonunions, we wondered whether an IGF-1 and ES combined treatment could be a new strategy for bone healing. Even though the IGF-1 and ES combination therapy was proved to have a synergistic effect on cardiac development\[[@pone.0197006.ref025]\], their function on bone regeneration remained unclear. Therefore, we evaluated the cell proliferation and adhesion, the mRNA level of osteosis-related genes (RUNX2, OPN and COL I), markers of osteogenesis differentiation (ALP activity), and intracellular calcium deposition. The present study aimed to demonstrate whether IGF-1 alone or combined with ES was able to regulate the functions of osteogenesis, as well as the appropriate doses.

Materials and methods {#sec002}
=====================

Cell culture {#sec003}
------------

The osteoblastic cell line MC3T3-E1 has been established from a C57BL/6 mouse calvaria and has the capacity to differentiate into osteoblasts and osteocytes in vitro. In our study, MC3T3-E1 cells were obtained from the Cell Culture Center of Institute of Basic Medical Sciences Chinese Academy of Medical Sciences (Shanghai, China). MC3T3-E1 cells were cultured and expanded in basal medium containing Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Gibco, USA), 100 units/ml penicillin (Sigma), and 100 mg/ml streptomycin (Gibco, USA). Cells at passage 2--3 were grown in a 24-well cell culture plate (Corning, USA) at initial seeding cell densities of 20,000 cells/well under a controlled temperature condition (37°C) with a humidified atmosphere of 95% air and CO~2~ (5%). The medium was replaced with fresh medium every 2 days.

Electrical stimulation {#sec004}
----------------------

The set-up of the ES was shown in [Fig 1](#pone.0197006.g001){ref-type="fig"}. To produce a uniform electric field in the culture medium, a pair of L-shaped platinum electrodes separated by a distance of 10 mm was placed in the lid of 24-well cell culture plates. For sterilization, the electrodes were submerged in 70% ethanol for 10 min, washed with sterile calcium-magnesium free phosphate buffer saline (PBS) and finally exposed to UV light overnight. A function signal generator (Suing, China) was connected to the electrodes via alligator clips and copper wires to create a signal source. Output signals from the signal generator were monitored by a digital oscilloscope. MC3T3-E1 cells that received electrical stimulation were exposed to 100 mV of ES for 1 h/day. The ES frequency was programmed at 50 Hz to 800 Hz, with a stable 50% duty cycle and rectangular pulses. All evaluations and assays were performed 24 h after the last exposure.

![Set-up of electrical stimulation.\
L-shaped platinum electrodes are connecting to a power supply and delivering electrical stimulation to the cells.](pone.0197006.g001){#pone.0197006.g001}

Cell proliferation and adhesion assays {#sec005}
--------------------------------------

Cell proliferation was assessed by a (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich, USA) for 1, 3 and 7 days. First, 100 μL of MTT (Sigma) stock solution in PBS (5 mg/mL) was added to each well, and the cells were incubated at 37°C for another 4 h. Then, the medium was removed, and 750 μL of acidified isopropanol (2 mL of 0.04 N hydrochloric acid (HCl) in 100 mL of isopropanol) was added to each well to dissolve the formazan crystals. The optical density (OD) was measured at a 540 nm wavelength on a Full Wavelength Microplate Reader (Infinite M200, TECAN). For the cell adhesion examination, the cell samples were rinsed twice with PBS and fixed with 4% paraformaldehyde for 30 min at room temperature. Actin filaments were stained by incubating the samples with rhodamine phalloidin (Invitrogen, Eugene, OR, USA), and the cell nucleus was stained using 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, USA). The MC3T3-E1 morphology was observed under a fluorescence microscope (TE2000-U, Nikon).

Quantitative real-time PCR analysis {#sec006}
-----------------------------------

The expression of osteogenic marker genes, RUNX2, collagen I (Col I), and OPN, was analyzed by real-time polymerase chain reaction (RT-PCR). The total RNA concentration and purity were determined by a Nanodrop Assay (Tecan M200). The first strand cDNA was synthesized by reverse transcriptase as described in the M-MLV manual (Promega). Gene-specific primers were designed using the primer design software Beacon 5.0. The specificity of oligonucleotides was checked by BLASTN^®^ (Basic Local Alignment Search Tool) against the mouse RefSeq RNA database at NCBI. All samples were assayed in triplicate in 8 striped optical tubes (Axygen) using a qPCR SYBR Green Mix Kit (Stratagene). The PCR amplification was performed as follows: initial heating at 95°C for 10 min, followed by 40 cycles at 95°C for 30 s, 58°C for 60 s, and 72°C for 60 s. Each gene expression value was normalized to that of the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The results are reported as the relative gene expression. Information on the primers is provided in [Table 1](#pone.0197006.t001){ref-type="table"}.

10.1371/journal.pone.0197006.t001

###### List of genes and the primer nucleotide sequences.

![](pone.0197006.t001){#pone.0197006.t001g}

  Gene    Forward primer sequence        Reverse primer sequence
  ------- ------------------------------ ---------------------------------
  RUNX2   `5-GCCCTCATCCTTCACTCCAAG-3′`   `5-GGTCAGTCAGTGCCTTTCCTC-3′`
  OPN     `5-TCAGGACAACAACGGAAAGGG-3′`   `5-GGAACTTGCTTGACTATCGATCAC-3′`
  COL I   `5-CGCTGGCAAGAATGGCGATC-3′`    `5-ATGCCTCTGTCACCTTGTTCG-3′`
  GAPDH   `5-AATGTGTCCGTCGTGGATCTG-3′`   `5-CAACCTGGTCCTCAGTGTAGC-3′`

Immunofluorescence staining {#sec007}
---------------------------

MC3T3-E1 cells cultured for 7 days were fixed with 4% paraformaldehyde in PBS for 20 min. The samples were permeabilized with 0.1% Triton-X 100 in phosphate buffer for 5 min. After being blocked using 1% BSA in phosphate buffer for 30 min, the samples were incubated with primary antibody (1:500, Abcam) for 60 min at room temperature. Subsequently, the samples were washed by PBS three times, followed by incubation in fluorescein isothiocyanate (FITC)-labeled secondary antibody (1:500, Abcam) at ambient temperature in the dark for 60 min. Finally, the cell nuclei were dyed with 4′,6-diamidino-2-phenylindole (DAPI) for 1 min. Photos were taken on a confocal laser scanning microscope (LSM 780, ZEISS).

ALP assay {#sec008}
---------

After culturing for 7 and 14 days in various conditions, the cells were assayed for ALP activity with a p-Nitrophenyl Phosphate (pNPP) Liquid Substrate System (Sigma) following the manufacturer's instructions. For morphological observation, the cells were stained using an alkaline dye mixture of 0.01% (W/V) Naphthol AS-MX Phosphate Alkaline Solution and 0.24 mg/ml Fast Blue RR salt at 18--26°C for 30 min. After 30 min Mayer's Hematoxylin Solution was used for staining for 10 min. For quantitative determination, cells were first lysed in lysis buffer (Sangon) for 30 min and then transferred to a 96-well transparent plate. Next, pNPP solution was added to each well, and the plate was incubated in the dark for 30 min at 37°C. The plate was read at 405 nm on a multifunction microplate scanner (Infinite M200, TECAN).

Mineralization {#sec009}
--------------

Calcium deposition was determined by alizarin red S (ARS) staining of the MC3T3-E1 cells. The cells were first fixed in 4% paraformaldehyde in PBS for 20 min and then washed with acidic PBS (pH 4.2) three times. Then, ARS (50 mM) was used to stain the cells for 20 min at room temperature, followed by treatment with 1 mL of 10% CPC solution. The absorbance of the solution was read at 540 nm by a multifunctional microplate scanner. The samples were stained with alizarin red S solution (50 mM) for 20 min at 37°C. Furthermore, the cell samples cultured for 20 days were fixed with 4% glutaraldehyde solution and dehydrated in graded ethanol solutions (50, 70, 80, 90, 95 and 100%). The samples were coated with gold and observed by SEM.

Statistical analysis {#sec010}
--------------------

All quantitative data were analyzed with OriginPro 8.0 (Origin Lab Corporation, USA) and presented as the mean ± standard deviation. Statistical differences were assessed by one-way analysis of variance (ANOVA). A value of p \< 0.05 was considered to be significant.

Results {#sec011}
=======

Cell proliferation under ES with different frequency {#sec012}
----------------------------------------------------

To examine the appropriate ES frequency for further experiments, we used an MTT assay to evaluate the cell proliferation. As shown in [Fig 2](#pone.0197006.g002){ref-type="fig"}, the metabolic activity (OD value) of the MC3T3-E1 cells of all three groups increased gradually with culture time. There was no significant difference among the 50 Hz, 800 Hz and control groups at 1 and 3 d (p \> 0.05). After 1 d and 3 d of culture, the cell numbers of the 200 Hz and 400 Hz groups were significantly higher than those of the other ES groups (p \< 0.05). We found that the 200 Hz group had the maximum OD value compared to those of the other groups, although there were no significant differences between the 200 Hz and 400 Hz group (p \> 0.05). Therefore, we choose the frequency of 200 Hz for the subsequent experiments.

![Proliferation of MC3T3-E1 cells cultured under ES with a different frequency for 1 and 3 days in vitro.\
(\*, p \< 0.05, n = 4).](pone.0197006.g002){#pone.0197006.g002}

Cell proliferation and adhesion after combined treatment with IGF and ES {#sec013}
------------------------------------------------------------------------

To investigate the effect of IGF and ES individually and together on cell proliferation and adhesion, an MTT assay was performed, and the morphology of the MC3T3-E1 cells at 1 day was investigated. The cell proliferation was significantly greater in the ES+IGF group than in the IGF alone groups at the same concentration at 1, 3 and 7 days (p \< 0.05, [Fig 3](#pone.0197006.g003){ref-type="fig"}). We found that the OD value was significantly higher in the three IGF alone groups than in the control group, while 100 ng/mL IGF was most effective in the enhancement of cell proliferation among the three concentrations used in this study at 3 and 7 days, although there was no significant difference among the three IGF groups at 1 day. Furthermore, a significant difference in cell proliferation was observed between ES+IGF (100 ng/ml) and the other two ES+IGF groups at 3 and 7 days. We used actin fluorescence staining of microfilaments (red) and nuclei (blue) to observe the cell morphology. As shown in [Fig 4](#pone.0197006.g004){ref-type="fig"}, at 1 day post-seed, the cytoskeletal and nuclear staining showed that the MC3T3-E1 cells cultured in ES+IGF exhibited a greater spread with a better cytoskeleton than that of the IGF alone and control groups. The control group and the cells grown with IGF alone were shrunken and had fewer pseudopods around the cells.

![Proliferation of MC3T3-E1 cells cultured under IGF + ES combined treatment for 1, 3, 7 days in vitro.\
(\*, p \< 0.05, n = 4).](pone.0197006.g003){#pone.0197006.g003}

![Morphology of MC3T3-E1 cells cultured under the ES+IGF combined treatment for 1 day in vitro.\
All scale bar lengths are 100 μm.](pone.0197006.g004){#pone.0197006.g004}

Quantification of gene expression {#sec014}
---------------------------------

RUNX2, OPN and Col I are three key osteoblast markers in the process of osteogenic differentiation. The expression of the osteogenesis-related genes during differentiation at 7 days was quantitatively analyzed using qRT-PCR. The mRNA level of RUNX2 gradually increased as the IGF dose increased and reached the maximum when the concentration of IGF-1 was 200 ng/ml. Significantly higher RUNX2 gene expression was observed in the ES+IGF groups than in the IGF alone groups at the same concentration and the control group (p \< 0.05, [Fig 5](#pone.0197006.g005){ref-type="fig"}). The OPN expression in the 200 ng/ml IGF group was significantly higher than that in the other IGF alone groups, while there was no significant difference between ES+IGF groups and IGF alone groups at same concentration (p \> 0.05). An obvious increase in Col I mRNA was observed in the 100 ng/ml IGF group compared with the three IGF groups. Furthermore, the ES+IGF (100 ng/ml) and ES+IGF (200 ng/ml) groups had dramatically higher Col I expression than the IGF (100 ng/ml) and IGF (200 ng/ml) groups respectively. The findings of this study showed that 100--200 ng/ml IGF can enhance the osteodifferentiation of MC3T3-E1 cells, especially their RUNX2 and Col I gene expression. To better observe cell osteogenesis differentiation, the protein expression of RUNX2 and OPN of the MC3T3-E1 cells was evaluated by immunofluorescence staining. As shown in [Fig 6](#pone.0197006.g006){ref-type="fig"}, after 7 days of culture, the RUNX2 protein expression was higher in the ES+IGF groups than in the IGF alone groups, while OPN was expressed when the IGF concentration was 200 ng/ml.

![Quantitative real-time PCR analysis of the osteogenesis-related gene expression of RUNX2 (A), OPN (B) and Col I (C) after MC3T3-E1 cells were cultured for 7 days.\
(\*, p \< 0.05, n = 4).](pone.0197006.g005){#pone.0197006.g005}

![In vitro RUNX2 and OPN protein expression of MC3T3-E1 cells cultured for 7 d.\
All scale bar lengths are 100 μm.](pone.0197006.g006){#pone.0197006.g006}

ALP activity {#sec015}
------------

ALP is an early marker of osteogenic differentiation, and the ALP activity in MC3T3-E1 cells was examined to evaluate the osteoinductive activity. An obvious increase in the ALP reactivity of MC3T3-E1 cells was found in the ES+IGF groups compared with the IGF alone groups at both 7 and 14 days (p \< 0.05, [Fig 7a](#pone.0197006.g007){ref-type="fig"}). The ALP activity of the IGF alone groups gradually increased as the IGF concentration increased and reached a maximum when the IGF concentration was 200 ng/ml at both 7 and 14 days. The ALP activity was significantly greater in the ES+IGF groups than in the IGF alone groups with the same concentration at 7 and 14 days. Cells were histochemically stained for ALP activity to assess the osteogenic differentiation ([Fig 7b--7h](#pone.0197006.g007){ref-type="fig"}). The ALP activity increased when IGF was administered with ES.

![(a) ALP activity quantitative analysis by a pNPP assay at 7 d and 14 d. (\*, p \< 0.05, n = 4). ALP activity staining in the (b) IGF (50 ng/ml), (c) IGF (100 ng/ml), (d) IGF (200 ng/ml), (e) ES+IGF (50 ng/ml), (f) ES+IGF (100 ng/ml), (g) ES+IGF (200 ng/ml), and (h) control groups at 14 days. All scale bar lengths are 200 μm.](pone.0197006.g007){#pone.0197006.g007}

### Mineralization {#sec016}

Mineralization is the last phase of regeneration and is crucial for the final bone formation. To study the effect of ES and IGF on calcium uptake by MC3T3-E1 cells, the cells were stained with alizarin red to evaluate calcium mineralization quantitatively and qualitatively. As shown in [Fig 8a](#pone.0197006.g008){ref-type="fig"}, the total calcium content of the ES+IGF groups was greater than that of the IGF alone groups at the same dose, but a significant difference only occurred when the IGF concentration was 100 ng/ml and 200 ng/ml (p \< 0.05, [Fig 8](#pone.0197006.g008){ref-type="fig"}). The optical images of the ARS staining showed little mineral deposition (red dots) in the IGF groups and the control group, while intense ARS staining was found in the ES+IGF (100 ng/ml) and ES+IGF (200 ng/ml) groups. The SEM images showed that the MC3T3-E1 cells growing in the ES+ IGF groups were more densely mineralized than those without ES. Compared to the control group, both the ES + IGF groups and the IGF alone groups had increased mineralized nodule formation, which is shown in [Fig 9](#pone.0197006.g009){ref-type="fig"}.

![(a); Calcium content mineral deposition determined by ARS analysis at 21 d. (\*, p \< 0.05, n = 4). ARS staining in the (b) control, (c) IGF (50 ng/ml), (d) IGF (100 ng/ml), (e) IGF (200 ng/ml), (f) ES+IGF (50 ng/ml), (g) ES+IGF (100 ng/ml), and (h) ES+IGF (200 ng/ml) groups at 21 days. All scale bar lengths are 200 μm.](pone.0197006.g008){#pone.0197006.g008}

![SEM images of MC3T3-E1 cells cultured for 21 days.\
(a) Control, (b) IGF (50 ng/ml), (c) IGF (100 ng/ml), (d) IGF (200 ng/ml), (e) ES+IGF (50 ng/ml), (f) ES+IGF (100 ng/ml), and (g) ES+IGF (200 ng/ml). All scale bar lengths are 20 μm.](pone.0197006.g009){#pone.0197006.g009}

Discussion {#sec017}
==========

The treatment of large bone defects and nonunions are still the greatest challenges in orthopedic surgery. Growth factors and ES are widely used in bone regeneration because of their osteogenic activity. This study evaluates the function of IGF-1 and ES individually and together in osteogenesis.

To determine the most appropriate ES frequency for further experiments, we used an MTT assay to evaluate the cell proliferation. When the ES frequency ranged from 100 Hz-400 Hz, the cell proliferation activity was significantly higher than that in the control group without ES. The proliferation and adhesion of cells was the first step of osteogenesis, so we finally choose 200 Hz for further study since this frequency had the greatest effect on MC3T3-E1 proliferation. In our subsequent experiments, the results showed better cell adhesion with IGF-1 administered with ES than with the IGF-1 alone treatment, which indicated that ES can also affect the cell adhesion process.

The mechanism by which ES promotes bone cell proliferation and adhesion is still poorly understood. Studies showed that ES creates local electrical fields to influence extracellular matrix (ECM) proteins; these fields mediate the diffusion of proteins and their movement to sites on the surface of culture system\[[@pone.0197006.ref026]\]. Subsequently, the diffused proteins adsorbed on the surface to facilitate cell adhesion and spreading behaviors\[[@pone.0197006.ref027]\]. In addition, the electrical signal was considered to play a key role in cellular pathways involved in various cell activities, including proliferation and differentiation\[[@pone.0197006.ref028]\]. Therefore, we speculated that ES at 200 Hz can produce the optimal electrical fields and electrical signal. On the one hand, the electrical fields direct cells to move and adhere to the surface; on the other hand, the electrical signal may activate some cellular pathways related to cell proliferation.

The potential of IGF-1 to improve osteogenic proliferation and differentiation has been demonstrated, but the results are not consistent. Some studies indicated that IGF-1 is an important growth factor that can stimulate bone regeneration by enhancing osteoblast proliferation, bone matrix synthesis, osteoblastic gene expression, ALP activity and mineralization\[[@pone.0197006.ref015], [@pone.0197006.ref029]--[@pone.0197006.ref033]\]. However, some recent studies showed that IGF-1 alone does not improve osteogenic proliferation\[[@pone.0197006.ref023]\], ALP activity\[[@pone.0197006.ref034]\], osteogenic differentiation\[[@pone.0197006.ref022]\] and mineralization\[[@pone.0197006.ref035]\]. We speculated that IGF-1 has a dose-dependent effect on osteogenesis, and different IGF-1 doses may lead to different levels of osteoblastic proliferation or differentiation. In addition, the variety of cell types used for evaluating osteogenesis in different studies may also be responsible for the inconsistent results. Therefore, in this study, we aimed to evaluate the MC3T3-E1 osteogenesis induced by IGF-1 alone and by a combination treatment with ES, as well as the optimum IGF-1 dose.

Our result indicated that exogenous IGF-1 can stimulate the proliferation of MC3T3-E1 in vitro and that the 100 ng/ml concentration of IGF-1 promoted the most proliferation, which was in accordance with some previous studies\[[@pone.0197006.ref036], [@pone.0197006.ref037]\]. The addition of ES to the IGF-1 treatments led to a significantly higher increase, which suggests a synergistic relation between IGF-1 and ES that influences the proliferation of MC3T3-E1 cells. Osteoblast maturation can be divided into proliferation, differentiation and matrix mineralization\[[@pone.0197006.ref038]\]. We investigated the role of IGF-1 alone and in combination of ES in the differentiation and matrix mineralization phases by performing RT-PCR (RUNX2, OPN, and COL I) and by assaying the ALP activity and mineralization. We observed that IGF-1 at a concentration of 200 ng/mL significantly increased the RUNX2 and OPN levels; a change in ALP activity also occurred in MC3T3-E1 cultures at 7 and 14 days. However, the Col I gene expression increased most when the IGF-1 concentration was 100 ng/mL. RUNX2, OPN and Col I are three key osteoblast markers in the process of osteogenic differentiation. High RUNX2 expression was detected in preosteoblasts, immature osteoblasts, and early osteoblasts, which can be considered components of early differentiation\[[@pone.0197006.ref039]\]. OPN expression was observed at the middle/later stage of differentiation, and Col I represents the extracellular matrix during bone formation\[[@pone.0197006.ref040], [@pone.0197006.ref041]\]. ALP is an early marker of osteogenic differentiation, and ALP activity is closely related to osteogenic differentiation\[[@pone.0197006.ref042]\]. Our results demonstrated that IGF-1 can affect MC3T3-E1 cells at different stages of differentiation with a dose-dependent effect. IGF-1 at 50 ng/ml seemed to have no influence on the MC3T3-E1 cell differentiation phase. At 100 ng/ml, IGF-1 mainly enhanced bone collagen and matrix synthesis, as well as proliferation. At 200 ng/ml, IGF-1 significantly improved the early middle/later stage of differentiation. This finding indicated that IGF-1 at different concentrations affects all of the main functions in the osteogenesis process. When IGF-1 was combined with ES, no clear differences between the IGF-1+ES groups and the IGF-1 alone groups were found in the OPN gene expression; however, synergistic effects between IGF-1 and ES on the expression of the other two genes and the ALP activity were observed. This finding suggests that ES can actually enhance the IGF-1 effect on the early stage of MC3T3-E1 differentiation and matrix synthesis, whereas ES only slightly affected IGF-1 in the middle/later stage of differentiation. The result also revealed that ES might mainly activate cellular pathways of proliferation and the early stage of osteogenic differentiation.

Mineralization is the last phase of regeneration, which is crucial for final bone formation. The quantitative assessment of cell mineralization was performed by extracting Alizarin Red with 10% cetylpyridinium chloride (CPC), which was employed to determine calcium mineralization. From our result, it was also noteworthy that IGF-1 at a concentration of 100 ng/ml can distinctly promote calcium mineralization, as could its combination with ES. A previous study showed that mice lacking IGF-1R in osteoblasts failed to mineralize\[[@pone.0197006.ref043]\], indicating the key role of IGF-1 in the mineralization process. In consideration of 100 ng/ml IGF-1 having the strongest effect on proliferation and extracellular matrix synthesis, we speculated that these two main functions of IGF-1 might account for the higher mineralization and calcium deposition, which was also reported in other studies\[[@pone.0197006.ref015], [@pone.0197006.ref031], [@pone.0197006.ref044]\].

To summarize the osteogenic function of IGF-1, the positive effect of IGF-1 on the osteogenesis process did not follow a simple linear relationship; the appropriate dose should be determined based on the effect on the whole process of bone formation, not just proliferation or differentiation. From our data, 50 ng/ml IGF-1 only slightly affected the cell proliferation phase, which suggests that the low dose of IGF-1 had a very limited effect on osteogenesis. However, the higher dose of IGF-1 significantly promoted the whole phase of bone formation; 100 ng/ml focused on the proliferation, matrix synthesis and mineralization, while 200 ng/ml was inclined to affect cell differentiation. Since the function of IGF-1 in the osteogenesis process had a precise relation with IGF-1 dose, systemic application may not be suitable for IGF-1, particularly given its oncogenic effects when administered by systemic application\[[@pone.0197006.ref045]\]. Because of the synergistic effect between IGF-1 and ES on the whole osteogenic process, we suggest that a local combined treatment with IGF-1 and ES in the bone damage region has good prospects. A further study should explore a useful method to deliver IGF-1 and maintain the proper dose at the local bone damage region, which could maximize the clinical benefits of IGF-1.

Although our result indicated a synergistic effect between IGF-1 and ES on promoting osteogenic proliferation, differentiation and mineralization, the molecular mechanism is still unclear. IGF-1 binds and phosphorylates the membrane IGF-1 receptor (IGF-1R) to activate the RAS/MAP and PI3-kinase/Akt kinase pathways, leading to osteoblast differentiation and proliferation\[[@pone.0197006.ref038]\]. Therefore, we speculated that the quantitative and qualitative changes in IGF-1, the binding of IGF-1 and its receptor, and the interaction between IGF-1 and other cytokines may influence pathways and the final osteoblast activities. A previous study showed that ES can affect the signal transduction of the osteogenic process because of the structural change of osteogenesis-related cytokines and receptors\[[@pone.0197006.ref046]\]. ES can also stimulate the calcium-calmodulin pathway to upregulate bone morphogenetic proteins and other cytokines\[[@pone.0197006.ref006]\]. Furthermore, ES could promote BMP binding to BMPRs, which showed that ES can strengthen protein-receptor binding as well\[[@pone.0197006.ref047]\]. Analysis also showed that ES might affect the interaction between IGF-1 and its receptor, as well as the protein structure, thus exerting a synergistic effect with IGF-1. In a future study, we will verify the hypothetical molecular mechanisms of ES synergistically facilitating the effect of IGF-1 on the whole osteogenesis process.

Conclusion {#sec018}
----------

We have demonstrated that IGF-1 and ES individually and collectively were able to promote cell viability, the expression of osteogenic genes, ALP activity and extracellular calcium deposition in a clear dose-dependent manner. These findings highlight the synergistic effect of IGF-1 and ES in promoting the proliferation, differentiation and mineralization of MC3T3-E1 cells. The present study is the first demonstration of the interactive effects of IGF-1 and ES on osteogenic development, which suggest that it would be more effective to combine the proper dose of IGF-1 with ES to promote local bone damage repair and regeneration.
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